Detailed information on probing behavior of the Asian citrus psyllid, Diaphorina citri Kuwayama (Hemiptera: Psyllidae), is critical for understanding the transmission process of phloem-limited bacteria (Candidatus Liberibacter spp.) associated with citrus 'huanglongbing' by this vector. In this study, we investigated stylet penetration activities of D. citri on seedlings of Citrus sinensis (L.) Osbeck cv. Pêra (Rutaceae) by using the electrical penetration graph (EPG-DC system) technique. EPG waveforms were described based on amplitude, frequency, voltage level, and electrical origin of the observed traces during stylet penetration into plant tissues. The main waveforms were correlated with histological observations of salivary sheath termini in plant tissues, to determine the putative location of stylet tips. The behavioral activities were also inferred based on waveform similarities in relation to other Sternorrhyncha, particularly aphids and whiteflies. In addition, we correlated the occurrence of specific waveforms with the acquisition of the phloem-limited bacterium Ca. Liberibacter asiaticus by D. citri. The occurrence of a G-like xylem sap ingestion waveform in starved and unstarved psyllids was also compared. By analyzing 8-h EPGs of adult females, five waveforms were described: (C) salivary sheath secretion and other stylet pathway activities; (D) first contact with phloem (distinct from other waveforms reported for Sternorrhyncha); (E1) putative salivation in phloem sieve tubes; (E2) phloem sap ingestion; and (G) probably xylem sap ingestion. Diaphorina citri initiates a probe with stylet pathway through epidermis and parenchyma (C). Interestingly, no potential drops were observed during the stylet pathway phase, as are usually recorded in aphids and other Sternorrhyncha. Once in C, D. citri shows a higher propensity to return to non-probing than to start a phloem or xylem phase. Several probes are usually observed before the phloem phase; waveform D is observed upon phloem contact, always immediately followed by E1. After E1, D. citri either returns to pathway activity (C) or starts phloem sap ingestion, which was the longest activity observed.
Introduction
To understand the transmission process of plant pathogens by insect vectors, it is important to know the mechanisms involved in pathogen acquisition and inoculation from ⁄ to host plants, as well as molecular and physiological interactions between the pathogen and its vector. Circulation, multiplication, or retention mechanisms of pathogens within arthropod vectors have been studied in reasonable detail for various phytopathogenic viruses and bacteria (Nault, 1997; Gray & Banerjee, 1999; Chatterjee et al., 2008; Hogenhout et al., 2008) . In contrast, the processes of acquisition and inoculation by insect vectors in plants are not well known for many pathogens, except for some plant viruses transmitted by aphids (Prado & Tjallingii, 1994; Fereres & Collar, 2001) .
Detailed information on vector probing activities within plants is essential for understanding pathogen acquisition and inoculation. Unfortunately, for some important vectors of phytopathogenic bacteria, particularly psyllids and leafhoppers, little is known about their probing behavior on host plants. One example is the Asian citrus psylla, Diaphorina citri Kuwayama (Hemiptera: Psyllidae), a widespread vector of phloem-limited bacteria of the genus Candidatus Liberibacter, which are suspect causative agents of citrus 'huanglongbing' (HLB) (Bové, 2006; Sechler et al., 2009) . Known in Southern Asia and Africa for decades, this serious disease is now considered to be the most important threat to citriculture in the United States of America and Brazil (Gottwald et al., 2007) , where it was found recently (Coletta-Filho et al., 2004; Halbert, 2005; Teixeira et al., 2005) . In this pathosystem, D. citri assumes a prominent position as a vector because it is ubiquitous and abundant in most regions where the disease is now endemic, and transmits different forms of HLB (Capoor et al., 1972; Yamamoto et al., 2006) .
To study the probing behavior of sap-sucking insects, Mclean & Kinsey (1964) developed a device to record electrical events related to stylet penetration and ingestion activities inside plant tissue, originally named the 'electronic monitoring system' (EMS). This technique consists of assembling an electric circuit that includes the insect and the plant, where stereotypical voltage fluctuations (waveforms) are associated with specific stylet activities, based on correlations with other techniques that indicate precise stylet tip position (histology) or occurrence of simultaneous ingestion, egestion, or salivation (e.g., demonstrated by honeydew excretion, membrane feeding, and virus transmission studies; Walker, 2000) . Currently, this technique is termed the 'electrical penetration graph' (EPG). It can use either alternating current (AC) or direct current (DC), and allows recording of voltage fluctuations owing to insect-plant internal changes in electrical resistance (R; AC monitors, mainly), electromotive force (emf), or both (DC monitors; Tjallingii, 1978 Tjallingii, , 1988 .
The probing behavior of many Sternorrhynchan species has been characterized by EPG, mainly using the DC system. DC-EPG waveforms have been well established for aphids, and are related to the phases of stylet pathway in the plant epidermis and parenchyma (waveforms A, B, C, pd, and F), xylem vessel ingestion (G), and phloem-related activities [E1 (salivation) and E2 (ingestion); Tjallingii, 1978; Prado & Tjallingii, 1994] . For whiteflies, Janssen et al. (1989) described waveforms related to stylet pathway (A and C), xylem (G) and phloem salivation, and ingestion [E(pd)] phases. Calatayud et al. (1994) observed pathway (A and C) and phloem (E)-associated waveforms for the cassava mealybug, Phenacoccus manihoti Matile-Ferrero. For psyllids, there is only one study of probing behavior using the AC-EPG system, in which waveforms S and I were correlated with salivation and ingestion, respectively, for the pear psylla, Psylla pyricola Foerster (Ullman & McLean, 1988) .
Despite the great importance of D. citri as a vector associated with HLB, little is known about its probing activities in citrus plants that result in transmission of Ca. Liberibacter species. This knowledge is essential for establishing control methods that can interfere with the insect-feeding process and, perhaps, reduce disease spread. The goal of this article was to characterize DC-EPG waveforms related to stylet activities of D. citri in orange seedlings, as a basis to apply the EPG technique in studies about the transmission of plant pathogens by this vector. For this purpose, EPG waveforms produced by adults of D. citri on sweet orange seedlings were correlated with histological analyses of salivary sheath termini in plant tissues, starvation experiments, and the acquisition of the phloem-restricted bacterium, Ca. Liberibacter asiaticus. In addition, the EPG signals obtained for D. citri were compared with waveforms already described for other sternorrhynchan species.
Materials and methods

Insects and plants
A healthy D. citri colony was maintained on potted plants of Murraya paniculata (L.) Jack (Rutaceae), which is an optimum rearing host for this insect (Tsai et al., 2002) . The insects were reared inside screened cages with aluminum frame (35 · 35 · 53 cm) and acrylic door, maintained in a climate-controlled room (25 ± 2°C, 70 ± 10% r.h., and L14:D10 photoperiod), under fluorescent light bulbs (80 W). Young adult females (5-10 days old) were used in the EPG study, after a 2-day adaptation period on healthy sweet orange seedlings, Citrus sinensis (L.) Osbeck cv. Pêra (Rutaceae). Similar seedlings (20-25 cm tall) were used for the EPG recordings. These seedlings were grown in 0.5-l plastic bags containing soil, manure, and sand (3:1:1), inside a vector-proof greenhouse.
Electrical penetration graph recordings
The experiment was conducted in a climate-controlled room with similar light, temperature, and photoperiod conditions described for insect rearing. EPG records were obtained using a DC-monitor, GIGA-8 model (EPG-Systems, Wageningen, the Netherlands) (Tjallingii, 1978 (Tjallingii, , 1988 , adjusted to 100· gain. The analog signal was digitalized through a DI-710 board (Dataq Ò Instruments, Akron, OH, USA) in a Pentium4 Ò computer, where the data were acquired, stored, and analyzed, using the software Probe 3.0 for Windows (Laboratory of Entomology, Wageningen University, The Netherlands).
The psyllids were anesthetized with CO 2 for 3 s and immediately immobilized using a vacuum chamber similar to that described by van Helden & Tjallingii (2000) , under a dissecting microscope. A 20-lm-diameter, 3-cmlong gold wire (Sigmund Cohn, Mount Vernon, NY, USA) -previously attached to a copper electrode measuring 3 cm length and 1 mm diameter -was placed on the insect pronotum and glued by a water-based glue (Entomology, Wageningen). The electrode was then attached to the EPG probe and the tethered insect was placed on the abaxial surface of a young citrus leaf, which is the preferred feeding site for D. citri (JP Bonani, unpub.) . To complete the electrical circuit, another electrode (copper, 10 cm long · 2 mm wide) was the plant electrode and was inserted into the pot substrate containing the citrus seedling. The monitoring system was assembled inside a Faraday cage (100 · 110 · 90 cm).
Each psylla was monitored for 8 h during the photophase (09:00-17:00 hours) and the data of 20 individuals were analyzed using Probe 3.0. EPG waveforms were described based on amplitude spectrum analysis (maximum and minimum), frequency (Hz), voltage level (extracellular or intracellular), and main electrical origin (R or emf) of the observed signals during stylet penetration into plant tissues. To determine the electrical origin, voltage adjustments to positive and negative levels were performed in different periods for each observed waveform. Amplitude and frequency were estimated based on the average of 60 observations in different points for each waveform (three observations per insect).
The typical sequence of events that are likely to occur during stylet penetration was studied, by estimating the conditional probabilities of a certain waveform type being followed by another, based on data of 160 h of EPG recordings (8 h per individual; Wayadande & Nault, 1996; Almeida & Backus, 2004; Miranda et al., 2009) . We also calculated selected non-sequential parameters (Backus et al., 2007) such as the proportion of individuals that produced each waveform type, mean number of times the waveform was produced per individual, total time spent per individual in the waveform, and mean duration of a given waveform, as well as selected sequential parameters using an Excel computer workbook for automatic EPG parameter calculation (Sarria et al., 2009 ).
Plant tissue histology
We used plant tissue histology to determine the position of salivary sheath termini during the different types of waveforms observed in the EPG recordings. For this analysis, another set of D. citri adult females was monitored on similar citrus seedlings and under the same conditions used for EPG data acquisition. Psyllid probing was artificially terminated by removing the insect from the plant when the distinct EPG waveforms of interest were observed. An area of ca. 0.5 cm 2 of leaf tissue around the insect-probing site was removed from the plant, and immersed in acid fucsin (1%) during 3 min for staining the salivary flange produced by the insect during the beginning of the probe and determining the stylet insertion point (Miranda et al., 2009) . Afterwards, the leaf tissue was washed in distilled water and dried on filter paper, and then fixed in Karnovsky solution (Karnovsky, 1965) , dehydrated in ethyl alcohol series, and embedded in plastic resin (Leica Historesin, Heidelberg, Germany). Serial transverse sections (12-lm thick) were cut on a rotary microtome and stained with toluidine blue O (Sakai, 1973) . Permanent slides were mounted in synthetic resin. The images were digitally captured through a Leica DM LB microscope using a video camera coupled to a computer, using software IM50 (Leica, Wetzlar, Germany) for image analysis.
Association of waveform G with xylem ingestion
To correlate waveform G with xylem sap ingestion, we compared the occurrence and duration of this waveform in 5-h EPG recordings of 10 young psyllid adult females (5-10 days old) that were either previously starved for 24 h inside an empty plastic vial, or kept on sweet orange seedlings (non-starved). This experiment was based on the hypothesis that starved psyllids are more likely to ingest xylem sap to maintain their water balance, as earlier observed for aphids (Spiller et al., 1990) . Thus, if G is associated with xylem ingestion, starved psyllids should perform this waveform more frequently than non-starved ones. The EPG recordings were conducted under the same conditions as previously described.
Correlation of waveforms with phloem ingestion
The phloem-limited bacterium Ca. L. asiaticus was used as a marker to assess phloem ingestion by D. citri during waveforms C, E1, and E2. Healthy and young (3-5 days old) adult females were tethered to a gold wire and connected to the EPG system as described before, and then individually placed on young leaves of potted citrus plants infected with the bacterium (source plants). We monitored the stylet penetration activities in the infected-source plants by using a computer display connected to the EPG system, and artificially terminated psyllid probing after the onset of distinct waveform types and specific durations: (1) waveform C for 20 min, (2) waveforms C + D + 30 s in E1, and (3) C + D + E1 + 1 h in E2. Fifty insects were subjected to each treatment on the source plant. After probing was artificially interrupted, each insect was individually confined on healthy sweet orange seedlings inside leaf cages for a latent period of 4 weeks in a growth chamber (25 ± 1°C, 70 ± 10% r.h., L14:D10 photoperiod), and then evaluated for bacterial infectivity by real-time polymerase chain reaction (RT-PCR), to determine if bacterial acquisition occurred under each specific stylet activity treatment. The presence of the bacteria in the vector is an unequivocal indication that phloem sap ingestion did really happen. As a negative control for vector infectivity, a group of 50 psyllids from the same rearing batch, but not exposed to the source plants, were simultaneously confined on healthy citrus seedlings, and tested by RT-PCR 28 days later.
Total DNA of individual psyllids was extracted based on the protocol of Deng et al. (2006) , with some modifications. After cell digestion with proteinase K and brief centrifugation to remove any large debris, the supernatant was submitted to an additional purification step using Wizard Ò Genomic DNA Purification kit (Promega, Madison, WI, USA); purified DNA was eluted in 50 ll of elution buffer (10 mM Tris, 1 mM EDTA, 20 lg ll -1 RNAse). Total DNA from 0.25 g (fresh weight) of citrus leaf midribs and petioles infected with Ca. L. asiaticus was extracted according to the cetiltrimethylammonium bromide method of Murray & Thompson (1980) , and used as a positive control in the RT-PCR; DNA was eluted in 100 ll of the elution buffer.
The RT-PCR assay was carried out with primers (AS84F and AS180R) and probe (As111T) designed based on the 16S rDNA sequence of Ca. L. asiaticus (GenBank AY919311; Carlos et al., 2006; Coletta-Filho et al., 2009 ). The assay required 0.8 lM of each of the forward and reverse primers and 0.2 lM of the probe for Ca. L. asiaticus, 1· TaqMan fast universal Master Mix (Applied Biosystems, Foster City, CA, USA), 4 ll of standardized DNA template (10 ng ll -1 ), 1 ll of Eukaryotic 18S rRNA kit (Applied Biosystems) as an internal control for normalization of the amount of total DNA in each reaction, and autoclaved Milli-Q water to a final volume of 20 ll. Amplification conditions were the same as described by Coletta-Filho et al. (2009) The amplification, data acquisition, and data analysis were done with the ABI PRISM 7500 Fast Sequence Detection System (Applied Biosystems) using the sequence detection software (version 1.4). Each run comprised of three replicates for the tested DNA, the negative and positive controls, and the non-template control (NTC). Samples were considered positive for Ca. L. asiaticus when the mean cycle threshold (Ct) was lower than 36.
Results
Characterization of Diaphorina citri's electrical penetration graph waveforms
Diaphorina citri adult females produced five distinct types of EPG waveforms, which were described based on their morphology (amplitude, frequency) and electrical (voltage level, electrical origin) characteristics, association with stylet sheath termini position in the plant tissue, and putative behavioral activity (based on aphid activities). Because of the similarities to DC-EPG waveforms described for aphids (Tjallingii, 1978; Spiller et al., 1990; Prado & Tjallingii, 1994) , we adopted the same terminology to name D. citri waveforms as: C, probably representing secretion of salivary sheath and intercellular stylet pathway in epidermis and parenchyma; E1, putative phloem salivation; E2, phloem sap ingestion; and G, probably xylem sap ingestion. In addition, we found a previously unreported waveform type associated with phloem, which was named D.
The main characteristics of the observed waveforms and their correlations with stylet activities in the plant tissues are summarized in Table 1 Figure 1B) . It is the first waveform event observed in all probes, with mean duration of 10 min per event ( Table 2 ). The G waveform shows high amplitude (50-90%), extracellular voltage level, and frequency ranges of 5-7 Hz for waves and 6-8 Hz for peaks (Table 1 and Figure 1C ). This waveform was observed only in 25% of the individuals, with mean duration of 23.7 min per event (Table 2) . Waveform D is characterized by a frequency of 1-3.5 Hz and extracellular voltage level (Table 1 and Figure 2) ; it is a short waveform (46 s per event, on average), and was always observed between waveforms C and E1 (Table 2) .
E1 waveform always started with a potential drop after waveform D (Figure 2) , showing a frequency range of 5.0-7.5 Hz, and negative voltage level ( Figure 3A) ; the latter is indicative of intracellular activity (Table 1 ). An E1 waveform event can be followed by either E2 or C (stylet pathway); in the latter case, it was named terminal E1. The mean duration of a terminal E1 event (1.24 min) is numerically shorter than an E1 followed by E2 (1.65 min; Table 2) , although this was not tested statistically. Waveform E2 was always preceded by E1, showing intracellular voltage level and variable amplitude (10-40%), with frequency range of 3-8 and 3-9 Hz for waves and peaks, respectively (Table 1 and Figure 3B ). The mean duration of an E2 event was long (150.2 min per event) compared with other waveforms observed for D. citri (Table 2) .
Correlations between electrical penetration graph waveforms and salivary sheath termini in the plant Histological analyses are important to determine salivary sheath termini position in the plant tissue and possible behavioral activities associated with the EPG waveforms. After initial penetration into the abaxial leaf surface, stylets appear to move intercellularly through epidermis and parenchyma, because no visible damage was observed in plant cells surrounding the salivary sheath along the pathway to the phloem (Figure 4 ). Penetration through stomata was not observed. In addition, no potential drops, which are indicative of intracellular penetration, were present in any of the 20 8-h EPG recordings.
Salivary sheath termini were examined for each of the waveform types described before, except G, which was not frequently observed for D. citri. For waveform C, the analyses of all salivary sheaths (n = 6) indicated stylet pathway through parenchyma tissue, i.e., sheath termini were always in this tissue ( Figure 5A ). For waveforms D and E1, all sections (n = 5) showed salivary sheath termini in the phloem ( Figures 4A,D and 5F ). During waveform E2, all salivary sheaths (n = 6) also ended in the phloem tissue ( Figure 5B -E). One salivary sheath examined for waveform E2 was branched ( Figure 5E ). Most likely this happened because the insect did not find an adequate phloem sieve element for feeding in the first attempt, and then searched for another sieve element, producing the branched sheath.
Occurrence and duration of electrical penetration graph waveforms during stylet penetration of Diaphorina citri
Conditional probabilities for sequences of events during stylet penetration of D. citri on citrus leaves, as well as EPG parameters related to occurrence and total duration of waveforms, were determined based on recorded data of 20 adult females (8 h per individual). All probes started with waveform C, representing the pathway phase through epidermis and parenchyma. Once in C, D. citri showed a much higher propensity to return to non-probing (Np; 86.2%) than to start a phloem (12.5%) or xylem phase (1.3%; Figure 6 ).
Diaphorina citri usually pulled the stylets out of the plant and soon restarted penetration several times before reaching the phloem or xylem. Tethered psyllids started a first probe in a few minutes after being placed on the plant (Table 3) ; first and second probes were usually short, lasting 0.97 ± 0.32 and 0.91 ± 0.21 min, respectively. Most of the probes occurred before the first E1 (phloem phase), particularly in the first hour; likewise, short probes (<3 min) were more frequent before E1 ⁄ E2 (Table 3) . Despite the relatively long time spent in stylet pathway (around 2.5 h per insect, on average) or non-probing (almost 2 h per insect), all 20 D. citri females reached the phloem phase, which represented a predominant activity (around 3.5 h per insect; Table 2 ). In contrast, the xylem phase (waveform G) was observed in only 4 out of 20 individuals; these individuals spent <1 h, on average, performing waveform G during the 8 h. A return to pathway phase (C waveform) was always observed after G (Figure 6) .
D is the first waveform observed upon phloem contact, always followed by E1 (Figure 6 ). Once in E1, D. citri can either return to waveform C (55% probability) or initiate E2 (45%). A terminal E1 (not followed by E2) was observed in 9 out of 20 individuals tested (Table 2) . A terminal E1 may represent stylet penetration and salivation into a sieve element eventually found to be unsuitable for ingestion, resulting in stylet withdrawal and subsequent search for another sieve element. The occurrence of this behavior in D. citri is supported by histological observation of a branched salivary sheath terminus in the phloem tissue after E2 was initiated ( Figure 5E ). Waveform E2 was performed less than twice per individual, on average. Nevertheless, E2 is the waveform with the longest total duration per individual insect (Table 2) , which is an evidence of phloem ingestion habit for this psyllid species. After terminating E2, psyllids always returned to waveform C ( Figure 6 ). From the onset of the first probe, D. citri required ca. 2.5 h, on average, to start phloem phase (first E1); in 20 individuals recorded, the fastest one started the first E1 in 50.1 min (Table 3) . Because of the limited number of D. citri individuals recorded in this study (n = 20), it is not yet possible to have an accurate estimate of the minimum time required for this vector to reach the phloem sieve elements in citrus, which is particularly important for acquisition and inoculation of phloem-limited bacteria such as Ca. Liberibacter spp. If hundreds of individuals are evaluated, we expect that some will start the phloem phase in time intervals probably shorter than the minimum period reported here (Table 3) . This expectation is supported by the fact that duration of C before the first E1 (i.e., considering only the probes that resulted in phloem contact) was less than 30 min, on average, and as short as ca. 9 min for one of the individuals.
As mentioned before, not all E1 were followed by E2. Therefore, the mean time elapsed between start of the first probe and the first E1 ⁄ E2 is longer than that to the first E1 (Table 3) . About 90% of all E2>40 min (n = 28) were also longer than 1 h, which might be indicative of sustained phloem ingestion; the mean time to start an E2>40 min from onset of the first probe was 198.9 ± 20.4 min. However, further studies using more insects are needed to establish an accurate time threshold as an indicative of sustained phloem ingestion. Effects of starvation of Diaphorina citri on the occurrence of waveform G When submitted to a 24-h starvation period, 7 out of 10 psyllids performed waveform G, with an average of 0.7 events per insect in 5-h EPG recordings; mean G waveform durations per event and per starved insect were the same (47.2 ± 10.8 min; n = 7), ranging from 29.0 to 109.5 min. In contrast, none of the 10 non-starved pysllids produced waveform G during the same recording period in this experiment.
Association of bacterial acquisition with electrical penetration graph waveforms
None of the 50 test psyllids were positive for Ca. L. asiaticus by RT-PCR when probing on infected plants was artificially terminated after 20 min in waveform C, or after waveforms C (complete) + D (complete) + E1 (30 s), indicating that this phloem-limited bacterium was not acquired, neither during stylet pathway through the epidermis and parenchyma (waveform C), nor during waveforms D and E1. In contrast, 3 out of 50 (6%) psyllids Table 2 Occurrence and mean (± SE) duration of DC-electrical penetration graph (EPG) waveforms of Diaphorina citri during an 8-h access period to young leaves of Citrus sinensis. Sample size is 20, unless stated otherwise; value ranges are given in parentheses. Selected non-sequential statistical parameters as in Backus et al. (2007) tested positive by RT-PCR when allowed to perform an E2 waveform for a period of 1 h (which was preceded by complete C, D, and E1 waveforms), showing that bacterial acquisition occurred during E2. Candidatus L. asiaticus was not detected in any of the 50 psyllids unexposed to infected plants (negative control), indicating that laboratory-reared insects used in the experiment were not infective before being exposed to the Liberibacter-infected source plants.
Discussion
EPG studies using both AC and DC systems have built a detailed knowledge on the feeding behavior of more than 50 species of pierce-sucking insects, particularly aphids, whiteflies, and leafhoppers (Backus, 1994) . These findings have contributed with critical information to a better understanding of their interactions with host plants, e.g., plant resistance mechanisms (Garzo et al., 2002; Alvarez et al., 2006; Ameline et al., 2007) and transmission of plant pathogens (Prado & Tjallingii, 1994; Martin et al., 1997; Collar & Fereres, 1998; Moreno et al., 2005; Stafford et al., 2009) . Compared with that of other sternorrhynchans (e.g., aphids, whiteflies, and mealybugs), probing behavior of psyllids has received little attention. In the present study, we described five DC-EPG waveforms associated with the probing activities of the Asian citrus psylla, D. citri, an important vector of bacterial pathogens that probably cause citrus HLB in Asia, Africa, and Americas (Gottwald et al., 2007; Sechler et al., 2009 ). Previously, a study on probing activities of nymphs and adults of the pear psylla, P. pyricola, using the AC system (Ulman & McLean, 1988) was the only EPG information available on psyllid feeding behavior. They identified a waveform S, correlated with salivation, and another named I, representing ingestion. Because their work was performed with the AC system and with different psyllid and host plant species, one can only correlate the broadest (phase) level of information between their study and ours. Both studies indicate that the predominant psyllid waveform types occur in pathway and ingestion phases. We found evidence that ingestion by D. citri may occur both in phloem and xylem tissues. Nevertheless, the much larger occurrence and longer duration spent in the phloem (206.1 min; i.e., 42.9% of the average probing duration per insect) indicates that D. citri is probably primarily a phloem feeder, as previously proposed for Psyllidae in general (Hodkinson, 1974) . Ulman & McLean (1988) observed that P. pyricola ingests from different plant tissues, not only from the phloem. Interestingly, they reported that both nymphs and adults show a constant movement of antennae during stylet penetration, which persisted after continuous ingestion started.
Electrical penetration graph waveforms and correlation with probing activities DC-EPG waveforms and behavioral activities associated with D. citri were proposed based on correlation with salivary sheath termini position in the plant tissues, acquisition of a phloem-limited bacterium (used as a marker of phloem ingestion), and the effects of starvation on particular xylem-related activities (increased propensity to ingest from xylem vessels), as well as on similarities to DC-EPG waveforms previously described for other sternorrhynchans, especially aphids (Tjallingii, 1978; Spiller et al., 1990; Prado & Tjallingii, 1994) .
Waveform C For D. citri, this waveform was correlated with sheath saliva secretion and stylet pathway activities through parenchyma. Based on DC-EPG recordings of aphids, Tjallingii (1978 Tjallingii ( , 1985 reported that C is a complex waveform, and might resemble other waveform types with respect to amplitude level (30%) and frequency of peaks, which are highly variable. During C, aphid stylets might be in different plant tissues and the activity is mainly intercellular, but potential drop (pd) waveforms associated with cell puncturing are frequently observed (Reese et al., 1994) . Aphids usually perform several superficial test probes during which epidermal, mesophyll, and parenchyma cells are punctured (pds). This behavior is often associated with host plant selection (Wensler & Filshie, 1969; Powell et al., 2006) and is very important for acquisition and inoculation of non-persistently transmitted plant viruses (Lopez-Abella et al., 1988; Powell, 1991; Martin et al., 1997) .
Interestingly, pds were not observed during C waveforms of 20 D. citri adults on C. sinensis (160 h of EPG recordings), suggesting that intracellular stylet punctures in epidermal or parenchyma cells during stylet pathway is a very rare or absent behavior in this psyllid species. Some pd waveforms have been observed during stylet pathway of whiteflies but at a much lower rate than aphids; mealybugs produce pds more frequently than whiteflies but not as frequent as in aphids (Janssen et al., 1989; Calatayud et al., 1994; Jiang et al., 1999) . Variations in amplitude and frequency of peaks in waveform C have been reported as well. The greenhouse whitefly, Trialeurodes vaporariorum (Westwood), starts C with a frequency range (10-16 Hz) similar to that of D. citri (11.5-19 Hz), but a decline is observed with probing time (Janssen et al., 1989) . This frequency range is lower (5-10 Hz) for the sweet potato whitefly, Bemisia tabaci (Gennadius), whose C waveform amplitude varied between 10 and 60% (Jiang et al., 1999) . The cassava mealybug, P. manihoti Matile-Ferrero, also showed a lower frequency (£11 Hz) in C (Calatayud et al., 1994) compared with D. citri. We observed intact epidermal and parenchyma cells surrounding the salivary sheaths of D. citri ( Figure 4C-F) , suggesting that stylet pathway during waveform C is intercellular. In other sternorrhynchans, e.g., whiteflies and mealybugs, waveform C represents intercellular stylet pathway activity (Janssen et al., 1989; Calatayud et al., 1994; Jiang & Walker, 2003) . Nevertheless, our histological observations of salivary sheaths of D. citri were performed with light microscopy, which is less precise than the electron microscopy used by other studies to ascertain intercellular penetration of such small insects. Analyses of thin sections by transmission electron microscopy would be necessary to determine if the sheath is laid down strictly between cell walls or if it can cross the wall and stay outside the cell (in the space between the cell wall and the plasmalemma).
Waveform G
Because of the low rate of occurrence of waveform G after C (1.3%) during the EPG recordings, we were unable to perform histological correlations to establish salivary sheath termini position in plant tissue. However, G waveform appearance shows striking similarities with the G waveform described for aphids, which is correlated with sap ingestion in xylem vessels (Spiller et al., 1990) . In aphids, G shows a frequency range of 4-9 Hz, extracellular voltage level, and different electrical signal origin for waves (emf) and peaks (R) (van Helden & Tjallingii, 2000) . In the present study, we observed similar characteristics in the G waveform of D. citri, which presents less frequency variation for waves (5-7 Hz) and peaks (6-8 Hz).
Although we have not confirmed D. citri ingestion activity or stylet tip position in citrus xylem by histology or honeydew excretion analysis, the occurrence of a G waveform strongly suggests that this psyllid species may occasionally ingest xylem sap, as already shown for aphids (Spiller et al., 1990) . Only 25% of D. citri adults performed waveform G in a few probes during a total of 160 h of EPG recordings; thus, it is unlikely that this psyllid uses xylem sap as a source of nutrients. In addition, xylem sap is mainly comprised of water and mineral salts (Gollan et al., 1992) , with low concentration of organic compounds (Andersen et al., 1989) . Nevertheless, it might be an important source of water, avoiding insect dehydration. An EPG study carried out with Aphis fabae Scopoli showed that ingestion time in xylem increased considerably when insects were submitted to a fasting period prior to plant penetration, suggesting that xylem feeding may be a strategy for maintaining aphid water balance (Spiller et al., 1990) . In fact, we noted a substantial increase in the rate of occurrence of a G-like waveform when the psyllid adults were starved for 24 h, indicating that the characterized G-like waveform probably represents ingestion from xylem vessels and that D. citri uses a strategy similar to that of aphids to maintain water balance when deprived from feeding. The association of psyllid starvation with higher occurrence of G supports the hypothesis that xylem ingestion takes place during this waveform in D. citri, as already demonstrated for aphids (Spiller et al., 1990) .
Waveform D
Waveform D was always associated with the phloem tissue based on histology and occurs between waveforms C and E1. Its positive voltage level indicates extracellular activity, without pds. The behavioral activity associated with waveform D is unknown, but D appears to be a reliable indicator of first contact with phloem tissue, because it always occurs prior to a pd, which presumably represents stylet penetration of sieve elements. However, this assumption cannot be proved because the various cell types in phloem tissue (i.e., sieve elements, companion cells, etc.) cannot be distinguished with light microscopy. Thus, it is not known whether D represents sieve element contact. The letter D was first used by Tjallingii (1978) to designate an aphid waveform associated with phloem sap ingestion, and equivalent to the waveform 'I' described by Mclean & Kinsey (1964) to represent ingestion in aphids. However, there was no correlation with ingestion for waveform D at the time, and waveforms associated with salivation and ingestion in phloem were later named E1 and E2, respectively (Tjallingii, 1990) . Thus, in the present study we decided to recover the old nomenclature (D) to designate this additional phloem-associated waveform.
As far as we know, this is the first report of a phloemrelated waveform with an extracellular voltage level preceding E1. Aphids and mealybugs, e.g., start the phloem phase with a potential drop right after waveform C, which represents puncture of a sieve element and subsequent salivation (waveform E1; Tjallingii, 1978 Tjallingii, , 1988 Calatayud et al., 1994; Prado & Tjallingii, 1994) . For the greenhouse whitefly, T. vaporariorum, no waveform was observed between C and the phloem waveform E(pd) (Janssen et al., 1989) . When nymphs of the whitefly Bemisia argentifolii Bellows & Perring find phloem, an abrupt transition from extracellular to intracellular voltage level is observed, originating a waveform named J (Jiang & Walker, 2003) . Waveform J is brief and also does not have a known biological activity. Nevertheless, unlike waveform D of D. citri, it has an intracellular voltage level. Jiang & Walker (2003) proposed that J could represent the beginning of the phloem phase, or yet a preparatory activity before the main activities in the phloem. This type of behavior during onset of the phloem phase was not observed for nymphs of T. vaporariorum (Lei et al., 1996) . Waveform D seems to represent a transition behavior between pathway and phloem phases, which may be unique to psyllids, as no similar waveform has been reported for other Sternorrhyncha. However, by using the AC-EPG system, Ulman & McLean (1988) found no waveform with similar characteristics for the pear psylla, P. pyricola.
Waveforms E1 and E2
E1 and E2 waveforms are associated with the phloem phase of D. citri and very likely represent salivation and ingestion in the sieve elements, respectively, as previously demonstrated for aphids (Tjallingii, 1990; Prado & Tjallingii, 1994) . Some lines of evidence support the hypothesis that E1 and E2 waveforms of D. citri are identical to those described for aphids: (1) although light microscopy does not provide sufficient resolution to conclude about precise stylet tip position in or outside cells, all histological sections showed salivary sheaths ending in the phloem tissue during E1 or E2 (one of them close to a sieve element; Figure 5C ,D); (2) a negative voltage level is maintained throughout E1 and E2, indicating intracellular position of stylet tips whereas the membrane potential is maintained as well (Tjallingii, 1985) ; (3) similar waveform shape and frequency range, with upward peaks (5-7.5 Hz) for E1 and downward peaks (3-9 Hz) for E2. In aphids, waveforms E1 and E2 show frequency ranges of 2-4 and 4-9 Hz, respectively (van Helden & Tjallingii, 2000) .
Association of phloem sap ingestion with E2 waveform was indirectly inferred based on the analysis of acquisition of the phloem-limited bacterium, Ca. L. asiaticus by D. citri. The results showed that bacterial acquisition occurred exclusively when psyllids were able to stay on E2 for 1 h on infected plants, indicating that phloem sap ingestion takes place during E2. In addition, no cell type other than sieve elements in phloem provides a continually renewing source of fluid that could sustain waveform durations as long as seen with E2 (average of 2.5 h per event). For aphids, E2>10 min is indicative of sustained phloem sap ingestion (Tjallingii, 1994) .
The probing behavior associated with the phloem phase appears to be a conserved character in Sternorrhyncha, because similar waveforms have been reported in this phase for aphids, whiteflies, mealybugs, and (now) psyllids. Calatayud et al. (1994) proposed that waveforms E1 and E2 produced by the mealybug P. manihoti are identical to the ones of aphids. These similarities in phloem-associated waveforms in relation to aphids were also noted in studies with whiteflies (Janssen et al., 1989; Lei et al., 1996; Jiang et al., 1999) . In the case of the psyllid D. citri, further studies are needed to establish a solid correlation of E1 with salivation into sieve elements, as shown for aphids.
The fact that E1 always starts with a pd after D waveform, suggests that it is performed after stylet puncture into a living cell, possibly phloem sieve elements. Yet, detailed histological analyses of thin sections of salivary sheath termini by transmission electron microscopy would be necessary to definitively prove that psyllid stylet tips are inside sieve elements during E1.
In addition, phloem-limited bacteria, e.g., Liberibacter, could be used as markers in transmission experiments designed to establish the correlation of E1 with salivation, as performed by Prado & Tjallingii (1994) using the circulative aphid-transmitted Barley yellow dwarf luteovirus. By using Ca. L. asiaticus as an acquisiton marker in the present study, we already obtained evidence that phloem sap ingestion by D. citri adults occurs during waveform E2. Because observed acquisition efficiency by adults was low (6%), further correlation studies involving bacterial acquisition could be carried out with D. citri nymphs, which are known to acquire this bacterium more efficiently than adults (Rogers et al., 2008) . Excretion analysis by using honeydew 'clocks' (Lei et al., 1996) is an additional tool that could be used in the future to determine ingestion activity associated with D. citri waveforms. By analyzing video images taped with a digital camera during some EPG recordings, a technique successfully used for recording honeydew excretion of a sharpshooter (Miranda et al., 2009) , we were unable to visualize honeydew droplets of D. citri in the present study (data not shown). We did observe the production of a thread-like secretion, as previously reported for D. citri nymphs (Tsai & Liu, 2000) ; but some insects produced the thread-like substance when walking on the leaves (non-probing), suggesting that this type of secretion does not necessarily match the exact moment of ingestion.
In summary, this study provides detailed and original information about various aspects of probing behavior of D. citri on citrus. The description of DC-EPG waveforms associated with stylet activities of this important vector constitutes a fundamental step for the application of the EPG technique in future studies related to mechanisms of host plant resistance, pesticide action, and transmission of Ca. Liberibacter species. It will be particularly important to determine stylet activities and time periods required for pathogen acquisition and inoculation, as well as to establish effective control tactics for preventing disease spread in citrus groves.
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